Microforming can be a good application for bulk metallic glasses. It is important to simulate the deformation behaviour of the bulk metallic glasses in a supercooled liquid region for manufacturing micromachine parts. For these purposes, a correct constitutive model which can reproduce viscosity results is essential for good predicting capability. In this paper, we studied deformation behaviour of the bulk metallic glasses using the finite element method in conjunction with the fictive stress constitutive model which can describe non-Newtonian as well as Newtonian behaviour. A combination of kinetic equation which describes the mechanical response of the bulk metallic glasses at a given temperature and evolution equations for internal variables provide the constitutive equation of the fictive stress model. The internal variables are associated with fictive stress and relation time. The model has a modular structure and can be adjusted to describe a particular type of microforming process. Implementation of the model into the MARC software has shown its versatility and good predictive capability.
Introduction
To date miniaturization of the components attracts a keen interest caused by the trend of producing more compact/ integrated systems. At the same time, the system should be capable of performing at par or sometimes better than those macro-systems conventionally available. Micro-Electromechanical-Systems (MEMS) are good examples of such a push. 1, 2) Components employed in MEMS and similar devices are generally made with traditional techniques such as etching, photolithography, electroless and electrochemical deposition and micromachining. Conventional forming of macrocomponents, such as forging, is widely used because it can produce large volume of components in a cost-efficient manner. Microforming is the manufacturing of miniaturized components or microparts using metal forming processes. Figure 1 shows an example of microforming; via filling process in VLSI circuitry. 3) For microcomponents the surface area/volume ratio is large and new concepts in materials as well as in processes are needed to extend forming processes to micro-levels. In this sense, the importance of nanocrystalline and amorphous metals is quite evident.
Since the earliest report of bulk metallic glasses (BMGs) in Pd-Cu-Si alloys by Chen and Turnbull, 4) BMGs have been the subject of an intensive study in the last decade due to their high mechanical strength, high fracture toughness and good corrosion resistance. Recently, Inoue group, 5) Johnson group 6) and the others 7) have succeeded in finding new multi-component alloy systems having lower critical cooling rates in Mg-, Ln-, Zr-, Fe-, Pd-Cu-, Pd-Fe-, Ti-, Co-, Cu-and Ni-based alloy systems and several Zr-based BMGs have been commercially developed into engineering materials.
The well controlled microforming process can be achieved by utilizing the superplastic deformation of BMGs in a supercooled liquid region with the help of a computer aided modelling technique for the deformation behaviour of BMGs. In order to investigate the local deformation states in the samples, numerical analyses, e.g. the finite element method (FEM), incorporated with adequate constitutive models are necessary. In this respect, a correct constitutive model in conjunction with well defined viscosity behaviour model in the high formability region are essential for good predicting capability during the microforming process. FEM incorporated with adequate yield models or constitutive equations has been successfully applied to analyzing mechanical behaviour of not only conventional solid materials but also porous materials, composites and nanostructured materials. 3, [8] [9] [10] In this paper, an insight into the relaxation-related constitutive equation of BMGs based on the fictive stress model will be offered. Examples of model applications will be shown. The finite element analysis associated with the constitutive equation based on the fictive stress model has a good potential for designing and developing real engineering micromachine parts.
Fictive Stress Constitutive Equation
In the glass materials, the application of a load is followed by a deformation, which can be made up of an instantaneous deformation (elastic effect) followed by a continual defor- Special Issue on Bulk Amorphous, Nano-Crystalline and Nano-Quasicrystalline Alloys-V #2004 The Japan Institute of Metals mation with time (viscous effect). Eventually, it can become pure viscous flow. In order to mathematically describe the elastic and inelastic deformation behaviour of BMGs, the Maxwell solid model (Fig. 2 ) was used in which the total strain " is the summation of elastic (time independent) strain " E and viscous (time dependent) strain " V , as follows.
where , _ , E and are stress, stress rate, Young's modulus and viscosity, respectively. The next step is to derive a viscous term _ " " V . A general theory, regardless of difference in molecular structures among glassy polymers, inorganic glasses and atomic metallic glasses, is that there exists a steady-state flow structure of a liquid corresponding to a given strain rate and stress. Specifically, there exists a corresponding normalized viscosity f = N or relaxation time f = N to a given steady state in a liquid. Here subscripts f and N stand for steady state flow and Newtonian flow, respectively. In the fictive stress model an additional structural parameter, a fictive stress f analogous to fictive temperature, which is related to the relaxation time or the nonlinear dependence of relaxation time to change the stress-induced structural disorder, was introduced. 11, 12) The stress induced structural disorder is thought to be the cause of non-Newtonian behaviour. The fictive stress model proposed for nonlinear viscoelastic relaxation is based on the hypothesis of stress-induced structural relaxation and the concept of fictive stress. Recently, it was successfully applied to Zr-based BMG. 13) The flow stress increases proportionally with viscous strain rate initially in the Newtonian region and then deviates from the linearity and asymptotically approaches a limiting value Ã at high strain rate in the non-Newtonian region. The limiting stress can be interpreted as the actual cohesive strength of the liquid materials. The dependence of f = N and f = Ã on _ " " V at various temperatures can be expressed in an exponential relaxation form,
where t 1 ¼ ffiffi ffi 3 p N = e Ã and e Ã is the maximum shear strain of the liquid. This yields eq. (4), which agrees well with the experimental data as shown in Fig. 3 .
: ð4Þ
In the nonlinear viscoelastic region, a sudden change in the magnitude of applied stress at sufficiently small strain causes an elastic deformation without structural change. However, it will be followed by an evolution to a new equilibrium structure and a relaxation time. The rate of structure change to an equilibrium state is expressed by eq. (5) for fictive stress,
The set of eqs. (1), (4) and (5) furnishes a full constitutive description for a viscoelastic BMG.
12)

Finite Element Analysis
The model presented in the previous section can also be used to analyze the overall and local deformation behaviour of the BMG by implementing the fictive stress model into FEM. In fact, although the analytical solution under the assumption of uniaxial and homogenous deformation gives a lot of useful global average information, it can hardly give any information on the local inhomogeneous tri-axial stress state behaviour. Hence, FEM based on the macroscale continuum mechanics is essential in order to obtain the local deformation behaviour, especially in analysing the potential of BMG materials for the superplasticity of microforming.
Isothermal two-dimensional axisymmetric FEM simulations for the compression testing have been carried out. A commercial elasto-plastic finite element program MSC. Marc 14) was used for this purpose. The fictive stress model describing the visco constitutive behaviour of metallic glasses was implemented into the finite element code using the user supplied subroutine CREEP. A coulomb friction coefficient between the workpiece and the die surfaces was assumed to be 0.2 which is a typical value in high temperature metal forming. 15) An upper half of the full sample geometry was taken as a calculating domain due to the symmetric conditions in a geometry and loading. The calculation was performed on an IBM PC and a running time for one simulation until an axial true strain of 0.15 was about 2 h. As another example, nano-imprinting was simulated. 
Results and Discussion
For the finite element calculations of the Pd-based BMG, the material constants (E ¼ 20 GPa, Ã ¼ 280 MPa and N ¼ 3 s) as in the previous papers 11, 12) were used. Figure 4 shows the calculated deformed geometry at the state of compressive strain " ¼ 0:15. Due to the friction effect between the workpiece and the die surfaces, the movement of surface region of the workpiece was retarded and barrelling occurred. The deformed geometries calculated using the different strain rate conditions are almost the same, although the stress states are different. Examining the deformed mesh, we can see the corner element is most severely distorted.
The finite element analyzed average stress-strain curves of the Pd-based BMG under various strain rates are shown in Fig. 5 . The average strain was calculated from the displacement of the die contacting surface. The average stress was calculated from the reaction force and the contacting area by assuming a no-barrelling condition. Two findings should be noted from the predicted stress-strain curves; i) linear viscoelastic strain hardening followed by stress saturation in case of low strain rates ( _ " " < 1:0 Â 10 À3 s À1 ) and ii) linear hardening, stress overshoot, under shoot, oscillation and final steady stress states in case of high strain rates ( _ " " > 5:0 Â 10 À3 s À1 ). Figure 6 shows the effective stress distribution at some meaningful strain states in Fig. 5 under fast (2:2 Â 10 À2 s À1 ) strain rate conditions; just before the peak stress point (average " ¼ 0:0306, ¼ 473:2 MPa), at the undershoot point (" ¼ 0:0336, ¼ 220:0 MPa) and at the final steady state (" ¼ 0:150, ¼ 259:4 MPa). While just before the peak stress point of " ¼ 0:0306, the average stress ¼ 473:2 MPa did not reach the peak stress ¼ 590 MPa, the most severely deformed corner region and several internal regions undergone peak stress overshoot already and are in the undershoot state of around 200 MPa. The maximum stress value in the corner element reaches 670 MPa; this high value is due to not just severe deformation but high localized deformation rate at this point. Most part of the sample did not reach the overshoot point and is in the stress state of between 400 and 500 MPa. The inner part of the die contact region near the surface are in low stress state (less than 300 MPa) due to the less deformation by the die friction. At the undershoot point (average strain " ¼ 0:0336), stress distribution is very irregular and localized. In the most inside region the stress is about 200 MPa, i.e. the undershoot state, whereas the highly deformed corner region is fairly recovered (stress is around 300 MPa). In the steady state (" ¼ 0:150), the stress levels are near 250 MPa and near 50 MPa, due to the steady strain rate states of about 0.022 s À1 and 0.001 s À1 , in most region and in contact region, respectively.
As another example, some imprinted patterns formed on the outer surface of Pd-based glassy alloys are shown in Fig. 7 . The SEM micrographs show the fabricated micro-dies and nano-formed specimens of Pd-based alloy. Small BMG gears or patterns with small diameters up to 0.2 mm and a thickness of 0.01 mm could be obtained on micrometer and nanometer scale. 16) Such imprinted patterns are important for future application in recording materials field.
16) It can be seen from the deformed mesh in Fig. 8 that it is difficult to fully fill the pattern gap using the sharp die, since a necking failure can be developed from the corner before filling the gap. In addition, the outer part of the sheet draws in at first and pulls out at the final stage, which can result in a wrinkling defect. 17) The details of the nano-imprinting will be described in a separate paper. From the above two examples, we can see that deformation analysis of BMGs using FEM in conjunction with the fictive stress model has a good potential for designing and developing real engineering micromachine parts.
Conclusions
In this paper, the deformation behaviour of BMGs was investigated using FEM in conjunction with the fictive stress constitutive model for applying BMGs to micromachine parts. The peak stress and steady state stress values predicted by the finite element solutions on the Pd-based BMG at 573 K during the die compression and the nano-imprinting process were investigated. Implementation of the model into the MARC software has shown its versatility and good predictive capability. The emerging generation of the fictive stressbased constitutive model provides an excellent tool for computer simulations of microforming operations guided by physical metallurgy. It is important that technologist take notice of these promising developments.
